Background {#Sec1}
==========

Thiazolidinediones (TZD) are agonists of peroxisome proliferator-activated receptor gamma (PPARG) that elicit insulin-sensitizing effects in non-ruminants \[[@CR1]--[@CR3]\] and dairy cows \[[@CR4]--[@CR6]\]. The administration of TZD (4 mg of TZD/kg of BW) during the late prepartum period appeared to alter the dynamics of plasma glucose, non-esterified fatty acids (NEFA), and hydroxybutyric acid (BHBA) concentrations and dry matter intake (DMI) during the periparturient period \[[@CR5], [@CR7]\]. Furthermore, a greater concentration of blood insulin was reported in TZD-treated cows, which likely accounted for the lower NEFA \[[@CR6]\].

We previously reported that in dry and non-pregnant dairy cows fed a control lower-energy (CON) or higher-energy (OVE) diet receiving 4 mg of TZD/kg of BW daily for 2 wk \[[@CR8]\] the concentrations of glucose (4.55 vs. 4.65 mmol/L), insulin (27 vs. 35 μU/mL), and (BHBA) (0.27 vs. 0.37) were increased during the TZD administration (2 to 4 wk after diet initiation). In contrast, the concentration of NEFA (0.18 vs. 0.15 mmol/L) and adiponectin (ADIPOQ; 34.6 vs. 30.3 μg/L) remained unchanged during TZD administration. More importantly, the ratios of glucose/insulin (0.51 vs. 0.54) and NEFA/insulin (0.22 vs. 0.18) decreased during TZD, suggesting an improvement in insulin sensitivity. The mRNA expression in subcutaneous adipose tissue of *PPARG* and its targets *FASN* and *SREBF1*, which are the main regulators of adipogenesis and lipogenesis, were upregulated by TZD \[[@CR8]\]. Greater expression of the insulin sensitivity-related genes *IRS1*, *SLC2A4*, *INSR*, *SCD*, *INSIG1*, *DGAT2*, and *ADIPOQ* in subcutaneous adipose tissue of OVE cows indicated that greater energy intake did not impair insulin sensitivity. In skeletal muscle, TZD altered expression of carbohydrate- and fatty acid oxidation-related genes. The OVE cows had greater mRNA expression of *PC* and *PCK1*, which was indicative of increased glyceroneogenesis \[[@CR8]\].

A comprehensive review on the topic insulin sensitivity in dairy cattle underscored the role of skeletal muscle, adipose tissue, and liver in the overall glucose and insulin relationship \[[@CR9]\]. The level of dietary energy fed prepartum has long been known to alter fat deposition and other metabolic pathways in tissues like liver \[[@CR10]\]. Cows suffering from fatty liver had higher serum concentrations of NEFA, greater serum TNF, and had signs of systemic insulin resistance \[[@CR11]\]. Some evidence indicates that excess NEFA concentrations alter hepatic function and inflammatory status \[[@CR12], [@CR13]\]. Importantly, the severity of inflammation around parturition seems related to some inflammatory indices observed in the dry period \[[@CR14]\]. Thus, the available data seem to suggest that NEFA could cause inflammation and that inflammation also could cause the greater release of NEFA.

Our hypothesis was that overfeeding and TZD administration lead to changes in the dynamics of biomarkers of oxidative stress, inflammation, and metabolism in blood and liver tissue and might be related with systemic insulin sensitivity. To address the hypothesis, we measured in samples from Hosseini et al. \[[@CR8]\] the plasma or serum concentrations of acute-phase proteins (haptoglobin, ceruloplasmin, albumin, cholesterol, and adiponectin), health and liver function biomarkers (total protein, myeloperoxidase, globulin, GGT, AST/GOT and total bilirubin), oxidative stress (paraoxonase and reactive oxygen metabolites (ROMt)), protein metabolism (urea), and vitamins (retinol, αtocopherol, beta-carotene). In addition, the mRNA expression of genes associated with glucose homeostasis and gluconeogenesis, lipid metabolism nuclear receptors and their targets, inflammation and ketogenesis was measured in liver tissue.

Methods {#Sec2}
=======

Experimental design, animals management and sampling {#Sec3}
----------------------------------------------------

The Institutional Animal Care and Use Committee (IACUC) of the University of Illinois approved all procedures for this study (protocol \#12134). Detailed materials and methods can be found elsewhere \[[@CR8]\]. In brief, fourteen dry non-pregnant Holstein cows \[initial BW (kg) = 717 ± 39; initial BCS = 3.31 ± 0.14\] were assigned randomly to treatment groups. Cows were offered the TMR once daily at 0600 h and had unlimited access to fresh water. All cows were fed a control diet (CON; NE~L~ = 1.30 Mcal/kg) to meet 100% of NRC requirements for 3 wk, after which half of the cows were assigned to a moderate-energy diet (OVE; NE~L~ = 1.60 Mcal/kg) and half of the cows continued on CON for 6 wk. The OVE diet was fed ad libitum and resulted in cows consuming \~180% of NRC. Control cows were fed to consume only 100% of NRC. All cows received an intravenous injection of 4 mg TZD/kg of BW daily after the morning feeding into the jugular vein starting d 15 after the initiation of dietary treatments and until d 28. Blood samples were collected before the morning feeding from the coccygeal vein or artery every 5 ± 2 ds from −7 to 14 d of diet initiation (before TZD administration) and from 15 to 28 d of diet initiation (during TZD administration) for measurement of metabolites and hormones.

### Biopsies, RNA isolation, primer design and evaluation, and quantitative PCR {#Sec4}

Liver tissue was harvested via percutaneous biopsy as described previously \[[@CR15]\] before the morning feeding at 14 d, before TZD administration, 21 and 28 d, during the TZD administration and 35 ds relative to diet initiation. Details of these procedures are reported in the supplemental material. Tissue was frozen immediately in liquid N until RNA extraction. The selection of the primers in liver was conducted base on core cellular functions, e.g. insulin signaling, glucose metabolism and synthesis, lipid metabolism, hepatokines, cytokines and inflammatory mediators (Additional file [1](#MOESM1){ref-type="media"}: Tables S1 and S2). The amplicons were sequenced and the fragment sequences were blasted and confirmed using the National Center for Biotechnology Information (NCBI). The sequences are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S3. The geometric mean of internal control genes (ICG) *GAPDH*, ribosomal protein S9 (*RPS9*), and ubiquitously-expressed transcript (*UXT*) were used for data normalization (V2/3 ≤ 0.15) in liver tissue. qPCR perfromance is reported in Additional file [1](#MOESM1){ref-type="media"}: Table S4.

### Statistical analysis {#Sec5}

Data were analyzed with the Proc MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). After normalization with the geometric mean of the ICG, the triplicate qPCR data for each gene were averaged and then log~2~ transformed prior to statistical analysis. Fixed effects in the model were diet, time, and diet × time. Cow within diet was designated as the random effect. Initial BW and BCS were included as covariates in the analysis for all variables, except when the covariate was not significant (*P* \> 0.05). Blood metabolites were log-scale transformed if needed to comply with normal distribution of residuals, and means subsequently were back-transformed. Significance was declared at *P* ≤ 0.05, while trend was declared at *P* ≤ 0.10.

Results {#Sec6}
=======

Results related to NE~L~ intake, BW, blood TZD as well as blood levels of BHBA, NEFA, glucose, insulin, adiponectin were reported previously \[[@CR8]\].

Blood biomarkers before TZD administration {#Sec7}
------------------------------------------

The OVE cows had lower (*P* ≤ 0.05) concentration over time of total protein, urea, and albumin (Fig. [1](#Fig1){ref-type="fig"}). The overall concentration of cholesterol and tocopherol increased (*P* \< 0.05) at 14 d after diet initiation, whereas the serum concentration of total bilirubin tended (*P* = 0.10) to decrease at 14 d after diet initiation (Table [1](#Tab1){ref-type="table"}). Prior to TZD, diet did not affect (*P* \> 0.05) cholesterol, total bilirubin, or tocopherol. Serum concentrations of glucose, ceruloplasmin, ROMt, GGT, retinol, AST/GOT, paraoxonase, globulin, myeloperoxidase, haptoglobin, and beta-carotene also were not affected (*P* \> 0.05, data not shown) by diet, time (14 wk) or their interaction.Fig. 1Temporal concentrations \[−7 to 14 d relative to diet initiation; before TZD administration and 15 to 28 d relative to diet initiation (during TZD administration)\] of blood biomarkers in cows fed either a controlled-energy diet (CON, 1.30 Mcal/kg diet dry matter; *n* = 7) or a moderate-energy diet (OVE, 1.60 Mcal/kg diet dry matter; *n* = 7) before (*left panels*) and during (*right panels*) 2,4-thiazolidinedione (TZD) administration. \*Significant (*P* \< 0.05) difference due to diet or Diet × Time. ^a,b^Significant (*P* \< 0.05) overall difference due to time Table 1Plasma concentrations of biomarkers from −7 to 14 d relative to diet initiation, before 2,4-thiazolidinedione (TZD) administration and 15 to 28 d relative to diet initiation and during TZD administration in cows fed either a controlled-energy diet (CON, 1.30 Mcal/kg; *n* = 7) or a moderate-energy diet (OVE, 1.60 Mcal/kg; *n* = 7)ItemDietDay*P*-valueCONOVESEM−70714SEMDietDayBefore TZD−−−−Metabolism Cholesterol, mmol/L2.642.680.152.62^a^2.54^a^2.64^a^2.84^b^0.110.86\< 0.01Liver function Total Bilirubin, μU/mL1.181.060.101.19^c^1.09^d^1.11^c^1.08^d^0.090.140.10Antioxidants--anti-inflammation α-Tocopherol, mmol/L5.225.280.465.19^a^5.02^a^5.13^a^5.65^b^0.340.94\< 0.01ItemDietDay*P*-valueCONOVESEM15202528SEMDietTZDDuring TZD++++Health and liver function GGT, U/L22.721.32.821.3^c^22.2^cd^21.6^cd^22.9^d^2.10.530.07 Globulin, g/L43.6^b^38.8^a^1.039.8^a^42.0^b^41.5 ^b^41.5^b^1.00.030.02 Myeloperoxidase, U/L491^b^419^a^21.5399^a^474^b^484^b^462^b^24.10.030.05Total Protein, g/L78.7^b^73.0^a^1.274.1^a^77.2^b^76.0 ^b^76.2^b^1.0\< 0.010.021Total Bilirubin, μmol/L1.19^d^1.03^c^0.111.481.391.391.370.420.060.97Acute-phase proteins Ceruloplasmin, μmol/L3.303.140.112.95^a^3.30^b^3.30^b^3.34^b^0.100.33\< 0.01 Haptoglobin, g/L0.65^b^0.51^a^0.050.62^a^0.57^a,b^0.61^a^0.51^b^0.068\< 0.010.05Oxidative stress ROMt, mg H~2~O~2~/100 mL13.813.40.5712.1^a^14.0^b^14.1^b^14.2^b^0.510.62\< 0.01 Paraoxonase, U/mL113^b^91.4^a^6.410010499.81055.140.030.15Liver injury AST/GOT, U/L66.0^a^77.6^b^3.667.872.875.870.83.30.040.16Antioxidants--anti-inflammation Retinol, μg/100 mL37.8^c^47.6^d^3.742.643.542.941.82.770.090.56^a,b^Means within a row with different superscripts differ (*P* ≤ 0.05) for TZD, while ^c,d^ denote trends (*P* ≤ 0.10)

Blood biomarkers and hormones during TZD administration {#Sec8}
-------------------------------------------------------

The Fig. [1](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"} contain the main effects of diet, TZD, and interactions for plasma parameters. Although plasma cholesterol did not differ statistically prior to TZD (Table [1](#Tab1){ref-type="table"}), during TZD there was greater (interaction *P* \< 0.05) concentration of cholesterol and tocopherol in cows fed OVE (Fig. [1](#Fig1){ref-type="fig"}). Regardless of diet, the TZD increased (*P* \< 0.05) GGT, ceruloplasmin, and ROMt concentrations at d 28 from diet initiation (Table [1](#Tab1){ref-type="table"}). An interaction during TZD was detected for concentrations of globulin, myeloperoxidase, total protein, and haptoglobin due to lower overall concentrations in cows fed OVE. Independent of TZD, the concentrations of total bilirubin and paraoxonase were lower and AST/GOT greater in cows fed OVE (Table [1](#Tab1){ref-type="table"}). No effect of diet, TZD or their interaction (*P* \> 0.05) was detected for urea and albumin concentrations (Fig. [1](#Fig1){ref-type="fig"}).

Gene expression in response to level of diet and TZD {#Sec9}
----------------------------------------------------

The Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"} contain the main effects of diet, TZD, and interactions for genes related to insulin signaling, glucose metabolism, fatty acid oxidation, hepatokines, ketogenesis and inflammation. Prior to and during TZD, the expression of *ACOX1* and *PPARD* was lower (*P* \< 0.05) in cows fed OVE (Table [2](#Tab2){ref-type="table"}). In OVE cows, the mRNA expression of *PC*, *FGF21*, and *INSR* was lower (*P* \< 0.05), while the mRNA expression of *HMGCS2* was greater (*P* \< 0.05) during TZD (Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}). Regardless of diet, the TZD administration increased (*P* \< 0.05) the mRNA of *IRS1* and *TNF* at 28 d after diet initiation (Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}).Fig. 2Expression of genes associated with gluconeogenesis (*PC*), lipid metabolism nuclear receptors (*PPARA*), ketogenesis (*HMGCS2*), hepatokines (*ANGPTL4* and *FGF21*)*,* and inflammation (*TNF*) in liver tissue of cows fed either a controlled-energy diet (CON, 1.30 Mcal/kg diet dry matter; *n* = 7) or a moderate-energy diet (OVE, 1.60 Mcal/kg diet dry matter; *n* = 7) before and during 2,4-thiazolidinedione (TZD) administration. The *dotted line* denotes the start of TZD infusion on d 15 relative to diet initiation. \*Significant (*P* \< 0.05) difference due to diet or Diet × Time. ^a,b^Significant (*P* \< 0.05) overall difference due to time Table 2Relative mRNA expression of target genes in liver tissue at 14 to 28 d relative to diet initiation and after a 7-day washout period (35 d) in cows fed a controlled-energy diet (CON, 1.30 Mcal/kg; *n* = 7) or a moderate-energy diet (OVE, 1.60 Mcal/kg; *n* = 7). All cows received an intravenous injection of 2,4-thiazolidinedione (TZD) (+) for 2 wk after biopsy collection at 14 d after initiation of dietary treatments, with the additional 2 wk of study serving as a washout periodGeneDietDay*P*-valueCONOVESEM14212835SEMDietTZDTZD−++−*IRS1*1.031.020.031.04^a^0.99^b^1.03^a^-^c^0.0290.770.04*INSR*1.12^b^1.02^a^0.051.06^a^1.04^a^1.11^b^−0.040.020.03*ACOX1*1.03^b^0.96^a^0.021.010.981.00−0.02\< 0.010.16*PPARD*1.07^b^0.99^a^0.041.041.011.03−0.030.010.21^a,b^Means within a row with different superscripts differ (*P* ≤ 0.05) due to diet or TZD^c^Tissue sample not available

Discussion {#Sec10}
==========

The ruminant liver is the main site for gluconeogenesis \[[@CR16]\], and a spike of insulin into the bloodstream suppresses not only gluconeogenesis but also glycogenolysis and AT tissue lipolysis \[[@CR9]\]. In fact, elevated insulin concentrations can stimulate glycogenesis in liver and improve overall insulin sensitivity via glucose uptake in peripheral tissues such as AT and skeletal muscle \[[@CR9]\]. In humans with type 2 diabetes, the injection of TZD decreased hepatic fat content and increased hepatic insulin sensitivity along with increased glucose uptake by peripheral tissues \[[@CR17]\]. Thus, despite inherent differences in gastrointestinal tract anatomy, circulating insulin can alter insulin sensitivity in extrahepatic tissues in ruminants and non-ruminants.

Besides its effect on insulin sensitivity, previous data from non-ruminants also indicated that TZD changes the dynamics of blood biomarkers, e.g. adiponectin, insulin and glucose. Similarly, in dairy cows the administration of TZD (4 mg of TZD/kg of BW) during the late-prepartum period altered the dynamics of plasma glucose, NEFA, BHBA concentrations and also DMI during the periparturient period. The TZD helped cows to maintain BCS postpartum \[[@CR5], [@CR7]\] and achieve greater concentrations of insulin \[[@CR6]\], which likely accounted for the lower NEFA, i.e. the drug probably induced greater insulin sensitivity in peripheral tissues such as AT. In the present study the TZD administration increased triacylglycerol concentration and altered expression of carbohydrate- and fatty acid oxidation-related genes in skeletal muscle \[[@CR8]\]. Furthermore, the upregulation of *PPARG* with the TZD injection provided evidence that TZD could enhance adipogenesis and lipogenesis in SAT, while differentially regulating glucose homeostasis and fatty acid oxidation in skeletal muscle \[[@CR8]\].

Diet, TZD and blood biomarkers {#Sec11}
------------------------------

### Overfeeding energy intake and hepatic function {#Sec12}

The lower blood concentration of urea in OVE cows was in accordance with previous results \[[@CR18]\]. A better liver function status in OVE cows is supported by the lower total bilirubin \[[@CR12], [@CR13]\]. In addition, the hyperinsulinemia in OVE cows \[[@CR8]\] along with lower urea concentration also might be related to increased gluconeogenesis in liver along with amino acid uptake and protein synthesis in skeletal muscle \[[@CR19]\].

In addition to its well-described role as a negative acute-phase protein (negAPP), the rate of albumin synthesis is affected by feed intake \[[@CR20]--[@CR22]\], i.e. greater concentrations are correlated with higher energy intake but in the absence of differences in energy intake a lower concentration is indicative of altered liver function. The difference between the total protein and albumin content in plasma provides an estimate of globulin concentration \[[@CR13]\]. The dynamics of the change in globulin concentration is considered an index of immunoglobulin production \[[@CR12]\]. Thus, as indicated by the present data, the mild decrease in total protein and albumin concentrations in OVE despite the greater DMI \[[@CR8]\] is suggestive of a possible impairment in synthesis at the liver level brought about by a mild inflammation. However, the more pronounced decrease globulin seems to argue against inflammation playing a role. These results are in accordance with some previous studies in energy-overfed dairy cows \[[@CR18]\]. Whether excess energy intake caused a mild chronic degree of inflammation \[[@CR23]\] remains to be determined.

The sustained decrease in plasma concentrations of cholesterol before calving and the weak increase after calving have been associated with an inflammatory-like status \[[@CR12], [@CR13]\], but also reflect the pattern of DMI, i.e. gradual decrease through calving followed by a gradual increase. Clearly, the response in the present study could not be compared with the periparturient period where negative energy balance is a consequence of higher energy requirements for milk production rather and lower DMI. Thus, the greater blood concentration of cholesterol in OVE cows is likely a reflection of the greater DMI, i.e. cholesterol synthesized by the intestine \[[@CR24]\]. A review of the literature \[[@CR25]\] concluded that inflammation could alter lipid transport in the circulation through changes in the dynamics of apolipoproteins.

Paraoxonase is considered an antioxidative stress enzyme and a negAPP that binds to plasma apolipoproteins \[[@CR26]\]. An antioxidative function of paraoxonase has been suggested in dairy cows \[[@CR27]\], as well as a link with the dynamics of positive acute-phase proteins (posAPP) and negAPP around parturition \[[@CR12]\]. In humans, the serum paraoxonase activity is reduced by oxidized low density lipoprotein (LDL) and is maintained or increased by antioxidants \[[@CR28]\]. Reactive oxygen metabolites (ROMt) are considered useful biomarkers of oxidative stress; the results of an in vivo study in mice and an in vitro study in human hepatocyte cell cultures revealed that concentrations of ROMt can be increased by feeding high-carbohydrate diets \[[@CR29]\]. Those studies revealed that the increase in ROMt decreased the capacity of hepatocytes to respond to an oxidative challenge. In our study, the lower concentration of paraoxonase coupled with greater cholesterol in OVE cows indicated a reduction in the ability of the liver to synthesize this enzyme. In fact, work with dairy cows has revealed a positive relationship between increases in plasma cholesterol and paraoxonase, which underscores the idea that liver function in OVE cows experienced a negative effect for some functional aspects.

The liver produces the major portion of the systemic haptoglobin in mammals, but in humans its concentration has been used as a marker for adiposity \[[@CR30]\]. In bovine, however, haptoglobin is a major posAPP and its concentration in plasma is increased during inflammation, infection, and often during the transition period \[[@CR31]\]. Despite the marked increased in energy intake, the lower concentration of haptoglobin in OVE cows likely reflects a lower inflammatory and oxidative stress response.

Regardless of TZD, the overall blood concentrations of cholesterol, albumin, and total protein were within a non-pathologic range \[[@CR32]\]. Along with the lower concentration of paraoxonase, haptoglobin, and myeloperoxidase, the greater concentrations of cholesterol in OVE cows indicated the absence of important impairment of the synthesis and release of the lipoproteins, and also of a severe acute-phase reaction in the liver. Furthermore, the lower bilirubin in OVE cows indicated normal hepatic bilirubin clearance capacity and agrees with the lower inflammatory status \[[@CR32]\]. Despite all the positive systemic signs in OVE cows, they had greater concentration of AST/GOT, which in clinical studies is an indicator of liver tissue damage \[[@CR33]\]. However, the concentration of AST/GOT can be affected by catabolism of nutrients such as amino acids via the citric acid cycle \[[@CR34]\]. Thus, the greater AST/GOT in OVE cows might be related not only to "leakage" from liver cells but also to greater citric acid cycle flux, e.g. to produce glucose, as a result of the greater DMI and the greater absorption of amino acids from the gut.

The greater blood concentrations of α-tocopherol, retinol, and beta-carotene in OVE cows is suggestive of adequate or better vitamin status, and these molecules have been linked with the immune response. Beta-carotene and α-tocopherol are antioxidants that bind free radicals to prevent lipid peroxidation and improve the immune response \[[@CR35], [@CR36]\]. Retinol (vitamin A) circulates in the blood bound to retinol-binding protein (RBP), a protein that is synthesized in the liver and controls availability of the vitamin in times of insufficient dietary intake \[[@CR37]\]. Inhibition of RBP transcription or function is one determinant of circulating levels of retinol. Similar to retinol, the liver is considered the "master regulator" of systemic vitamin E availability, i.e. it controls disposition, metabolism, and excretion \[[@CR38]\]. In the context of lipoprotein metabolism, re-packing of α-tocopherol into the very-low density lipoproteins is central for extra-hepatic availability. Thus, hepatic metabolism of cholesterol and lipoproteins clearly has direct bearing on systemic α-tocopherol concentrations. In the context of insulin sensitivity, the greater overall concentration of retinol in cows fed OVE could have had an effect on peripheral insulin sensitivity as demonstrated recently \[[@CR39]\]. These relationships likely explain the greater α-tocopherol concentration in OVE cows which also had greater cholesterol concentration (i.e. an index of lipoprotein synthesis). Besides dietary availability, in non-ruminants, the acute-phase response causes a decrease in the hepatic synthesis of vitamin A and of α-tocopherol namely due to alterations in hepatic function \[[@CR40]\]. Clearly, the greater blood concentration of these vitamins especially retinol in OVE cows was in part due to the greater DMI and diet composition, and the resulting storage of these vitamins is not expected to impair liver function \[[@CR41]\].

### TZD, insulin sensitizing effect versus Hepatotoxicity {#Sec13}

Historically, TZD has been used over the last two decades to improve insulin sensitivity in type II diabetic subjects. The results of in vivo and in vitro studies \[[@CR42], [@CR43]\] indicated that Troglitazone (TGZ), a thiazolidinedione, caused hepatotoxicity through non-metabolic and metabolic factors \[[@CR44]\]. Some of the present data could reflect a mild hepatotoxic effect of the short-term TZD administration. For instance, in addition to the decrease in the negAPP (e.g. cholesterol), there seems to have been differential regulation of the posAPP by TZD, e.g. ceruloplasmin increased and haptoglobin decreased. Results from a previous study revealed that TZD can decrease haptoglobin expression in adipocytes in vitro and in vivo \[[@CR45]\]. Because the cows were clinically healthy during the study, it is also possible that the greater concentration of ceruloplasmin after TZD regardless of diet was associated with a stressful effect also reflected by the gradual increase in ROMt with TZD regardless of diet.

There is evidence from rats \[[@CR46]\] and humans \[[@CR47]\] that the family of TZD compounds might cause oxidative stress and elicit a direct effect on mitochondrial physiology, hence, playing a role in TZD-mediated hepatotoxicity. In our study, the administration of TZD increased ROMt concomitantly with GGT, AST/GOT, myeloperoxidase, globulin and total protein. A study in mice reported that insulin-sensitizing compounds may act as antioxidants while increasing oxidative stress in the liver \[[@CR42]\]. A recent study detected an increase in the synthesis of liver enzymes such as AST and ALT in Chinese subjects with type II diabetic using 4 mg of a TZD-like compound for three month. The mechanistic reasons for elevated liver enzymes upon TZD treatment remain to be determined.

The blood concentration of cholesterol has been used as an indicator of lipoprotein metabolism and is linked to the quantity of lipid mobilized and re-esterified as VLDL within the intestine and liver \[[@CR32]\]. In the present study, the greater cholesterol concentration during TZD might indicate the increased export of VLDL to peripheral tissues such as adipose and skeletal muscle. We speculate that such response would have provided insulin-sensitive tissues with fatty acids for esterification, an idea supported by the greater concentration of triacylglycerol that was detected in muscle during TZD injection \[[@CR8]\]. Similar to cholesterol, it is possible that the greater concentration of α-tocopherol is a reflection of an increase in VLDL export from the liver \[[@CR48]\] to peripheral tissues during the TZD injection period.

### TZD modulates hepatic metabolic pathways via *PPARA* and its targets {#Sec14}

The state of systemic insulin sensitivity or glucose tolerance can be estimated using the euglycemic clamp \[[@CR49]\] and glucose tolerance tests \[[@CR4]\]. In our study, the OVE cows had a greater overall concentration of insulin \[[@CR8]\], thus, the lower hepatic expression of *INSR* in the liver was somewhat expected \[[@CR50]\]. Although it is well-established that the ruminant liver is not a net user of glucose, our results of insulin signaling-related genes are in accordance with previous results in rodents. For instance, a hyperinsulinemic state in obese mice led to a decrease in insulin binding and phosphorylation of the insulin receptor and the kinase IRS-1 in liver \[[@CR51]\]. The data seem to agree with studies in sheep demonstrating differences in the binding of insulin to receptors in liver as a function of circulating concentration \[[@CR50]\]. Furthermore, our data indicate that TZD could increase insulin sensitivity and signaling in cow liver \[[@CR52]\].

Comprehensive reviews of available data have concluded that PPARα is the main regulator of hepatic fatty acid oxidation, ketogenesis, triglyceride turnover, and gluconeogenesis in non-ruminants and likely in ruminants \[[@CR53], [@CR54]\]. For example, the results of studies with *PPARA* knockout mice and bovine cells provided strong evidence that gluconeogenesis and glycerol metabolism are directly controlled by PPARA \[[@CR55]\] via its targets PC and PCK1 \[[@CR56], [@CR57]\]. The temporal profile of *PC* in the present study seems to suggest the existence of an alternate mechanism whereby insulin sensitizers (over the long-term) could affect hepatic gluconeogenesis differently in response to dietary energy level, i.e. overfeeding moderate energy diets over a period of weeks seems to render the liver less responsive to TZD while feeding to meet energy requirements cannot prevent the expected negative effect of TZD on insulin sensitivity \[[@CR58]\]. The exact mechanisms for the TZD effect merit further study.

In ruminants, there is indirect evidence that long-chain fatty acids (LCFA) can activate hepatic β-oxidation via PPARA and its downstream co-activators to decrease tissue TAG accumulation \[[@CR53]\]. ACOX1 is one of the PPARA targets which is involved in peroxisomal fatty acid oxidation in non-ruminants; it is the first enzyme in peroxisomal LCFA oxidation \[[@CR59], [@CR60]\]. A lower *ACOX1* expression in OVE cows could be explained by the lower plasma NEFA compared with CON cows. In the present study, the different regulation of mRNA expression of proximal and outer-mitochondrial β-oxidation enzymes by TZD administration might have been related with the fact that this compound binds to mitochondrial membrane proteins to modulate mitochondrial metabolism \[[@CR61]\].

Research in non-ruminants has demonstrated that ANGPTL4 \[[@CR62]\] and FGF21 \[[@CR63], [@CR64]\] are the targets of PPARA, and are considered hepatokines, i.e. proteins secreted from liver that can regulate tissue adaptations to feed restriction \[[@CR65], [@CR66]\]. A study with mouse primary hepatocytes underscored the negative effect of insulin on mRNA expression of *ANGPTL4* \[[@CR67]\]. In rodents, fasting and starvation activated ANGPTL4 in a PPARA-dependent manner \[[@CR68]\]; the study of Loor et al. \[[@CR65]\] uncovered a potential link between PPARA and ANGPTL4 in cows during nutrition-induced ketosis. ANGPTL4 is an endogenous inhibitor of lipoprotein lipase (LPL) that regulates peripheral tissue uptake of plasma TAG-derived fatty acids \[[@CR69]\], hence, helping to regulate energy homeostasis.

In vitro studies in rodents have revealed that PPAR agonists such as TZD are potent inducers of FGF21 \[[@CR70]\]. In diabetic rodents and monkey, FGF21 is considered an effective metabolic regulator of glucose and lipid homeostasis in the context of insulin resistance, glucose intolerance and dyslipidemia \[[@CR68]\]. Additional studies indicated an increase in plasma concentration and expression of FGF21 during the transition period \[[@CR66]\].

In the present study, the lower expression of *ANGPTL4* and *FGF21* in OVE agrees with the fact they were in positive energy balance. Furthermore, a lower *FGF21* expression would be expected in OVE cows because they had higher blood insulin concentration \[[@CR8]\]. The upregulation of *FGF21* mRNA expression at two weeks. After TZD administration agrees with a mouse study in which the TZD induced the expression of this gene \[[@CR70]\]. Our data indicate that bovine *PPARA* is TZD responsive, and may participate in the regulation of hepatic insulin sensitivity and energy expenditure via its targets. The lower *PPARD* mRNA expression in OVE cows might be related to the lower plasma NEFA concentration; in an in vitro study with rodents, an upregulation of *PPARD* was determined to be important in order to "sense" concentrations of LCFA as a way to control mitochondrial oxidation in order to protect against fatty acid-induced cellular dysfunction.

The HMGCS2 enzyme is rate-limiting for the production of ketone bodies in liver and the neonatal intestine \[[@CR71]\]. In growing ruminants, the mRNA expression of *HMGCS2* also is associated with ketogenesis in ruminal epithelium, a process that helps the rumen develop \[[@CR72]\]. Studies with rodents uncovered that the expression of *HMGCS2* is regulated by PPARA or by conditions that enhance LCFA influx into the liver (e.g. feed restriction) \[[@CR73]\]. In contrast, insulin signaling in liver is a negative regulator of *HMGCS2* expression and activity. Thus, in the present study the greater mRNA expression of *HMGCS2* in OVE cows might have been linked with a lower plasma insulin concentration. In contrast, the gradual downregulation of *HMGCS2* expression during the TZD injection period could have been associated with an insulin-sensitizing effect.

Conclusions {#Sec15}
===========

Despite a marked increase in energy balance status in OVE cows in response to overfeeding energy there were modest alterations in the acute-phase response, but it should be kept in mind that the linear decrease in albumin from day 0 to 14 is an indication of a gradual impairment of some liver functions. Based on molecular and blood data it seems that administration of TZD enhanced some aspects of insulin sensitivity while causing contradictory results in terms of inflammation and oxidative stress. Overall, data indicated that bovine liver is TZD responsive and level of dietary energy can modify the effects of TZD. Because insulin sensitizers have been proposed as useful tools to manage dairy cows during the transition period, further studies are required to investigate the potential hepatotoxicity effect of TZD (or similar compounds) in dairy cattle.
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ACD

:   Citric acid and dextrose

DIM

:   Days in milk

DMI

:   Dry matter intake

IACUC

:   Institutional animal care and use committee

PPAR

:   Peroxisome proliferator-activated receptors

ROMt

:   Reactive oxygen metabolites
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